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Long-term behavioral changes related to age, experience and learning have been
shown to be associated with structural remodeling in the brain. Leaf-cutting ants learn to
avoid previously preferred plants after those are experienced to be harmful for the
symbiotic fungus. It involves olfactory learning and long-term memory(1,2).
• Aging led to a subregion-specific increase in MG number in the ND lip of
MB
• Long-term avoidance memory formation leads to a transient increase in
the number of MG (Fig. 8)
• Enriched olfactory sensory experience promoted a decrease in MG
numbers in the MB lip.
The results suggest a high degree of olfactory plasticity in the MBs via the
formation and elimination of synaptic complexes.
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2. Long-term avoidance memory
Aging was associated with subregion-specific changes in the MB olfactory lip:
synapsin-IR bouton numbers increased with age in the non-dense (ND) lip but
remained constant in the dense (D) lip, where the overall bouton density was
higher (Fig. 2 and 3).
100 µm 20 µm 10 µm
Fig. 2. Immunofluorescence staining
with anti-synapsin in brains from 1-day
and 1-month old workers, and outside
workers of unknown age. (A, D, G)
Frontal overview of brains on a central
plane. Mushroom bodies (MB), central
body (CB) and antennal lobes (AL).
(B, E, H) Overview of the left medial
calyx: lip (Li), visual collar (Co) and
peduncle (Pe). (C, F, I) Lip calycal
region. In 1-day old ants, the ND lip
presented lower number of synapsin-
IR boutons compared with the D lip. In
(L), boxes 1-2 (ND lip) and 3-4 (D lip)
indicate the areas used for MG
quantification.
Fig. 3. (A) Bouton density increased with
age in the ND lip (age*lip-subregion: F3, 23 = 5.15,
p = 0.007; Lip-subregion simple effect: p ≤ 0.005, for
all ages. RM-ANOVA) while remains constant
in D lip (age in D-lip simple effect: F3, 46 = 2.20, p =
0.10). (B) Total lip volume was slightly
reduced during the first week after eclosion
to then increase with age (F3, 23 = 3.48, p =
0.032; ANOVA).
Asterisks indicate significant differences between lip subregions.
Different letters indicate significant differences among ages.
Quantification of structural changes in the MB calyces
Whole-mount brains were processed for immunolabeling of presynaptic sites of calycal
microglomeruli (MG, Fig. 1) using an anti-synapsin antibody (green label). Preparations were
visualized using laser scanning confocal microscopy. Calycal volume measurements and
presynaptic bouton (MG) density estimation in the olfactory lip region of the calyx was performed
by AMIRA(3,4).
An enriched experience —such as simultaneous collection of multiple non-harmful
plant species— resulted in a decrease in MG numbers in the ND lip compared
with a non-enriched experience such as collecting only one kind of leaf (Fig. 4).
Fig. 4. (A) During 3 consecutive days different
subcolonies were offered with 1 or 10 different
plant species; on day 3 brains were dissected
and stained for synapsin. (B) Density of
presynaptic boutons in the ND lip decreased in
ants from the subcolony exposed to a higher
variety of plant species (F1, 17 = 9.08, p = 0.008;
ANOVA). (C) Lip volume did not changed with
experience (F1, 17 = 2.82, p = 0.11; ANOVA).
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(synapsin) PN bouton Fig. 1. Schematic representation of one MG
in the MB calyx. A presynaptic projection
neuron (PN) bouton surrounded by Kenyon
cell (KC) dendritic spines. Modified after (5)
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Formation of long-term avoidance memory (Fig. 5) led to a transient change in MG
densities in the ND lip subregion of the MBs (Fig. 6 and 7). Two days after learning, MG
density was higher than before learning. At days 4 and 15 after learning —when ants still
showed a rejection behavior— MG densities had decreased to the initial state.
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Fig. 5. (A) Learning was established by association of firethorn leaves with the negative effect of
the fungicide cycloheximide (CHX) on the fungus (day 0) (2). Preference tests between this plant
species and a novel one (privet) were performed before (day 0) and at different times after
treatment. Brain dissections were performed on days indicated in grey. (B) During the preference
test foragers preferred firethorn leaves (GH = 3.10; p = 0.54; N = 75, df = 4; G-test). (C) Foragers that had
collected firethorn leaves treated with CHX on day 0 showed a clear rejection behavior on
subsequent days (GH = 61.11; p < 0.0001; N = 106, df = 4; G-test).
Fig. 6. PN bouton quantification. (A, B) 3D
reconstruction of the position of the boutons
(yellow sphere) in a 1000 µm3-volume. The
number of boutons was higher 2 days after
treatment compared with the number
computed before treatment. (C, D) Single
confocal image of a 10 x 10 µm2 synapsin-
stained area in the lip region of the MB.
Fig. 7. Dynamics of structural changes in the
ND lip associated with long-term avoidance
memory formation. (A) Bouton densities
transiently increased after learning (F3,23 = 3.32,
p = 0.038; ANOVA). (B) Since lip volume did not
vary (F3,23 = 1.70, p = 0.20; ANOVA), changes were
due to an increase, followed by a decrease, in
the number of synapsin-IR boutons.
Fig. 8. (A) Before learning
occurs there is a certain MG
density, determined —at least in
part— by the age and the
previous experience of the
individual. (B) Two days after
olfactory learning new synapsis
connections are formed. (C)
Several days after learning
some complexes are eliminated,
leading to a reduction in MG
density to the initial state.
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We studied the microarchitectural changes in the olfactory regions of the mushroom
bodies (MB) after olfactory long-term memory formation following avoidance learning in
Acromyrmex ambiguus and after an enriched experience with different kinds of leaves.
Furthermore, taking into account that aging was shown to prompt structural changes in the
MB organization, we also investigated age-related changes in the MB calyces.
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